We fabricated a complex transparent conductive electrode (TCE) based on Ga 2 O 3 for AlGaN-based ultraviolet light-emitting diodes. The complex TCE consists of a 10 nm ITO, a 15 nm Ga 2 O 3 , a 7 nm Ag, and a 15 nm Ga 2 O 3 , forming a ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer. The metal layer embedded into Ga 2 O 3 and the thin ITO contact layer improves current spreading and electrode contact properties. It is found that the ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer can reach a 92.8% transmittance at 365 nm and a specific contact resistance of 10 −3 Ω·cm 2 with suitable annealing conditions.
Introduction
AlGaN-based ultraviolet (UV) light-emitting diodes (LEDs) can achieve the full wavelength coverage of UVA (400-320 nm), UVB (320-280 nm) and UVC (280-200 nm) by changing Al content. As a result, AlGaN-based UV LEDs have attracted considerable attention and are seen as a promising lighting source for different applications in environmental cleaning, medicine, printing, microscopy and lighting [1] [2] [3] [4] [5] [6] . However, the external quantum efficiency (EQE) of AlGaN-based UV LEDs is still much lower than that of the commercially available blue LEDs with an EQE close to 20% for UVA and <1% for UVC devices [7] [8] [9] . This phenomenon obstructs commercial applications of the AlGaN-based UV LEDs. Indium tin oxide (ITO) is widely used as transparent contact layers in traditional GaN-based blue and green LEDs. However, there is serious light absorption in the ITO in the ultraviolet band due to the band gap of ITO ranging from 3.5 eV to 4.3 eV [10, 11] . Previous studies reported that doping metals in ITO would reduce the light absorption in near UV LEDs. The transmittance of ITO at wavelengths above 380 nm can reach about 90% by optimizing the thickness of metal and the annealing temperature [12] [13] [14] [15] . But the transmittance of ITO still decreases rapidly when the wavelength becomes shorter. Thus, it is very urgent for a layer with higher transmittance in ultraviolet band to be able to replace the traditional ITO transparent conductive electrode (TCE) in UV LEDs. Ga 2 O 3 , which has a bandgap from 4.9 eV to 5 eV, is an attractive alternative for TCE in UV LEDs because of its high transmittance in UV band [16] [17] [18] . In addition, a large size and high quality Ga 2 O 3 thin film can be fabricated by single crystals synthesized by the melt growth method [19] . This material has been studied in the fields of metal semiconductor field effect transistors, metal oxide semiconductor [16] . The (201)-oriented Sn-doped β-Ga 2 O 3 films obtained a maximum conductivity of 8.2 S/cm (about 1.22 × 10 4 Ω/sq). But it is still too low to be used as TCE in UV LED. Liu JJ et al. grew ITO thin films in Ga 2 O 3 films and improved the sheet resistance and transmittance of Ga 2 O 3 /ITO films by adjusting the growth temperature and the thickness of ITO [17] . A sheet resistance of 323 Ω/sq and a transmittance at 280 nm of 77.6% can be achieved. Jae-kwan Kim et al. realized that the transmittance at 380 nm is 80.944% and the sheet resistance is 58.6 Ω/sq [20] . The Kie Young Woo group in Korea prepared the Ag/Ga 2 O 3 model by learning the ITO/Ag/ITO model [21] . The contact characteristics and conductivity of the Ga 2 O 3 films were improved by the Ag intercalation layer, and the transmittance at 380 nm and specific contact resistivity of the Ag/Ga 2 O 3 thin film were 91% and 3.06 × 10 −2 Ω·cm 2 respectively.
In this paper, a complex TCE based on 
Materials and Methods
To investigate the influence of a Ag intercalation layer on the Ga 2 O 3 layer, a Ga 2 O 3 /Ag/Ga 2 O 3 (15 nm/7 nm/15 nm) multilayer was deposited on quartz substrates and then annealed at different conditions. The quartz substrates were first washed in acetone, isopropanol and deionized water and dried by nitrogen. After that, Ga 2 O 3 , Ag and Ga 2 O 3 were sequentially deposited on the quartz substrates in magnetron sputtering equipment. In order to reduce the resistivity of the Ga 2 O 3 layer but not affect its transmittance, the thickness of the Ag embedding interlayer and Ga 2 O 3 were set to be 7 nm and 15 nm respectively. The Ga 2 O 3 thin films were all deposited by RF magnetron sputtering of Ga 2 O 3 (purity 99.99%) ceramic target, and the Ag thin film was deposited by direct current magnetron sputtering of the Ag target. The sputtering cavity was pumped to 5 × 10 −6 Pa before the sputtering begin. The sputtering atmosphere was pure argon with the pressure of 5 mtorr. The rotation speed of the cavity substrate is 20 rpm. The temperature was controlled at about 35 • C ± 1 • C by feedback control heater during deposition. Afterwards, all the Ga 2 O 3 /Ag/Ga 2 O 3 multilayer samples were annealed by a rapid thermal annealing (RTA) system at a different temperature and ambient. We used X-ray photoelectron spectroscopy (XPS) Finally, we prepared ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer on AlGaN-based UV epitaxy in the same method to study the specific contact resistance through the CTLM model. A 47 nm ITO thin film on quartz substrates and epitaxy was also prepared as reference, which was annealed at 600 • C for 
Results
In order to study the influence of annealing conditions on the sheet resistance of Ga2O3/Ag/Ga2O3 multilayer, a series of Ga2O3/Ag/Ga2O3 multilayer on quartz substrates were annealed at different temperature and ambient. The annealing temperature changed from 400 °C to 600 °C with the annealing ambient changing from N2/O2 mixture and pure O2 ambient. As shown in Table 1 , the sheet resistance increases with the decrease of annealing temperature. It is found that the Ga2O3/Ag/Ga2O3 multilayer could reach the lowest sheet resistance of 16.45 Ω/sq after being annealed at 600 °C for 1 min in an N2/O2 mixture ambient. The result means that the effect of Ag as the insertion layer is not obvious at low temperature, and the metal diffusion reaction is not sufficient. The metal insertion layer in the film can fully diffuse to the Ga2O3 layer and decrease the resistance value of the Ga2O3/Ag/Ga2O3 multilayer when the temperature reaches 600 °C. The resistance of the multilayer annealed at 600 °C in pure oxygen ambient is higher than that of the multilayer in an N2/O2 mixture annealing ambient. Besides, the higher the oxygen ratio in the annealing atmosphere, the higher the multilayer resistance value becomes. The reason for this is that metal oxides form and then affect the resistance of film [22, 23] . Figure 2 and Table 2 show the XPS energy spectral of Ga2O3/Ag/Ga2O3 multilayer on quartz substrate before and after annealing at 600 °C for 1 min in N2/O2 mixture ambient. The energy intensity, peak value quantum-number vertex, high half-width and atomic fraction content of Ag3d, O1s, Ga2p3 were measured at the depth of about 10 nm of the multilayer. The open symbol and solid symbol in Figure 2 represent the energy intensity of the elements before and after annealing respectively. We can see that the energy value of element Ag3d is high, the quantum number per 
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Because of the bad contact property between Ga 2 O 3 and p-GaN on epitaxial wafer, we insert a 10 nm ITO thin film below Ga 2 O 3 as the contact layer. In order to optimal the transmittance and sheet resistance of the ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer, we prepared five ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer samples on quartz substrates and changed the annealing temperature as shown in Table 3 . Among the five samples, sample 1 was not annealed. Sample 2 was annealed at 600 • C as a whole. For sample 3 to sample 5, the 10 nm ITO layer was firstly annealed at 550/600/650 • C respectively and then the whole ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer were annealed at 600 • C. The annealing process of ITO and ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer both maintained in N 2 /O 2 (200 sccm:35 sccm) mixture ambient for 1 min. Figure 4 is the transmittance curves of five samples at range of 300 nm to 450 nm. It is obvious that sample 4, which was annealed at 600 • C at first and then at 600 • C again, has the highest transmittance of 92.68% at 365 nm and the lowest sheet resistance of 20.1 Ω/sq. Because of the bad contact property between Ga2O3 and p-GaN on epitaxial wafer, we insert a 10 nm ITO thin film below Ga2O3 as the contact layer. In order to optimal the transmittance and sheet resistance of the ITO/Ga2O3/Ag/Ga2O3 multilayer, we prepared five ITO/Ga2O3/Ag/Ga2O3 multilayer samples on quartz substrates and changed the annealing temperature as shown in Table 3 . Among the five samples, sample 1 was not annealed. Sample 2 was annealed at 600 °C as a whole. For sample 3 to sample 5, the 10 nm ITO layer was firstly annealed at 550/600/650 °C respectively and then the whole ITO/Ga2O3/Ag/Ga2O3 multilayer were annealed at 600 °C. The annealing process of ITO and ITO/Ga2O3/Ag/Ga2O3 multilayer both maintained in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min. Figure 4 is the transmittance curves of five samples at range of 300 nm to 450 nm. It is obvious that sample 4, which was annealed at 600 °C at first and then at 600 °C again, has the highest transmittance of 92.68% at 365 nm and the lowest sheet resistance of 20.1 Ω/sq. Because of the bad contact property between Ga2O3 and p-GaN on epitaxial wafer, we insert a 10 nm ITO thin film below Ga2O3 as the contact layer. In order to optimal the transmittance and sheet resistance of the ITO/Ga2O3/Ag/Ga2O3 multilayer, we prepared five ITO/Ga2O3/Ag/Ga2O3 multilayer samples on quartz substrates and changed the annealing temperature as shown in Table 3 . Among the five samples, sample 1 was not annealed. Sample 2 was annealed at 600 °C as a whole. For sample 3 to sample 5, the 10 nm ITO layer was firstly annealed at 550/600/650 °C respectively and then the whole ITO/Ga2O3/Ag/Ga2O3 multilayer were annealed at 600 °C. The annealing process of ITO and ITO/Ga2O3/Ag/Ga2O3 multilayer both maintained in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min. Figure 4 is the transmittance curves of five samples at range of 300 nm to 450 nm. It is obvious that sample 4, which was annealed at 600 °C at first and then at 600 °C again, has the highest transmittance of 92.68% at 365 nm and the lowest sheet resistance of 20.1 Ω/sq. The ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer demonstrates better transmittance property than 47 nm ITO especially in UV range. To further understand the origin of this result, the optical bandgap Energy Eg of sample 4 and 47 nm ITO was calculated. The Eg can be extracted from the relation between (αhv) 2 and hv according to the Equations (1) and (2), as follow:
(1)
(3) and (4), as follow:
where d is the thickness of films. Since we have measured the transmittance T of sample 4 and 47 nm ITO, the curves of (αhv) 2 as a function of hv can be obtained as shown in Figure 5b . The optical Energy bandgap Eg of sample 4 is determined to be 4.12 eV, and that of ITO layer is 5.11 eV, by extrapolating the linear section of (αhν) 2 to the hv axis. The large band gap means that the absorption of ITO/Ga2O3/Ag/Ga2O3 multilayer in UV range is smaller than that of 47 nm ITO layer. Table 4 shows the transmittance at 365 nm and sheet resistance of sample 4 and 47 nm ITO. The sample 4 has a reduction in sheet resistance compared to the 47 nm ITO sample. The transmittance of sample 4 is higher than that of 47 nm ITO and other reported metal-doped ITO [12] [13] [14] [15] . These results reveal that the ITO/Ga2O3/Ag/Ga2O3 multilayer exhibits an advantage of transmittance at UV range and conductivity. The Eg can be obtained by extrapolating the linear (αhv) 2 versus hv plots to the horizontal axis [24, 25] . In Equations (1) and (2), C is a constant of direct transition, α is the light absorption coefficient, hv is the photon energy, h is Planck constant bright, c is the light speed, and λ i is the wavelength [24, 26, 27] .
If the transmittance T at each λ i is known, the value of α at each λ i can be obtained by Equations (3) and (4), as follow:
where d is the thickness of films. Since we have measured the transmittance T of sample 4 and 47 nm ITO, the curves of (αhv) 2 as a function of hv can be obtained as shown in Figure 5b . The optical Energy bandgap Eg of sample 4 is determined to be 4.12 eV, and that of ITO layer is 5.11 eV, by extrapolating the linear section of (αhν) 2 to the hv axis. The large band gap means that the absorption of ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer in UV range is smaller than that of 47 nm ITO layer. Table 4 shows the transmittance at 365 nm and sheet resistance of sample 4 and 47 nm ITO. The sample 4 has a reduction in sheet resistance compared to the 47 nm ITO sample. The transmittance of sample 4 is higher than that of 47 nm ITO and other reported metal-doped ITO [12] [13] [14] [15] . These results reveal that the ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayer exhibits an advantage of transmittance at UV range and conductivity. Finally, we prepared a series of ITO/Ga 2 O 3 /Ag/Ga 2 O 3 multilayers on AlGaN-based UV epitaxy to study the specific contact resistance through the CTLM model. These samples were fabricated in the same process as sample 1 and sample 3, 4, 5. The 10 nm ITO contact layer was annealed at 550/600/650 • C respectively, and then the whole ITO/Ga 2 Finally, we prepared a series of ITO/Ga2O3/Ag/Ga2O3 multilayers on AlGaN-based UV epitaxy to study the specific contact resistance through the CTLM model. These samples were fabricated in the same process as sample 1 and sample 3, 4, 5. The 10 nm ITO contact layer was annealed at 550/600/650 °C respectively, and then the whole ITO/Ga2O3/Ag/Ga2O3 multilayer was annealed at 600 °C. The annealing process of ITO and the ITO/Ga2O3/Ag/Ga2O3 multilayer both maintained in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min. As reference, a 47 nm ITO was also deposited on epitaxy and annealed at 600 °C in N2/O2 (200 sccm:35 sccm) mixture ambient for 1 min. Figure 6 shows the Ohmic contact characteristics of annealed ITO/Ga2O3/Ag/Ga2O3 multilayer with p-GaN measured by Electroluminescence system and CTLM mode. The I-V characteristics of the as-deposited ITO/Ga2O3/Ag/Ga2O3 multilayer are insulated, because the Ga2O3 films have the properties of nondiffusion of metals, poor conductivity and insulation on the p-GaN surface. However, the multilayer whose ITO was annealed in nitrogen-oxygen atmosphere at 550 °C /600 °C /650 °C shows linear I-V characteristics on the surface of p-GaN. Also, all the annealed ITO/Ga2O3/Ag/Ga2O3 multilayers exhibit higher current compared to the 47 nm ITO on p-GaN. The slope of 600 °C annealed I-V curve is highest. The specific contact resistance of 600 °C annealed sample could reach 2.36 × 10 −3 Ω·cm 2 . In contrast, the specific contact resistance of 47 nm ITO on AlGaN-based UV epitaxy is 5.68 × 10 −3 Ω·cm 2 . To further compare the differences between ITO/Ga2O3/Ag/Ga2O3 multilayer and the 47 nm ITO, we measured the surface morphology using scanning electron microscope (SEM) and AFM. The Figure 7a ,b show SEM micrographs of the ITO/Ga2O3/Ag/Ga2O3 multilayer and 47 nm ITO on the AlGaN-based UV epitaxy. The surface of 47 nm ITO is smoother than that of the ITO/Ga2O3/Ag/Ga2O3 multilayer. Besides, the thickness of the multilayer is about 48 nm measured by SEM cross-section micrograph. The root-mean-square (RMS) surface roughness of the ITO/Ga2O3/Ag/Ga2O3 multilayer and 47 nm ITO on a 10 × 10 μm 2 area are 6.92 nm and 2.36 nm respectively measured by AFM. A rough surface is beneficial for light emitting form chips to external. The rougher surface of the ITO/Ga2O3/Ag/Ga2O3 multilayer may be another reason for its higher transmittance. 
Conclusions
In this paper, a complex transparent conductive electrode based on 
